Moloney murine leukemia virus (Mo-MuLV) has the unique ability to infect different cells via either a low-pH-dependent or a pH-independent entry pathway. Only the pH-independent mechanism of Mo-MuLV entxy has been associated with Mo-MuLV-induced syncytium formation. We have now identified a transformed cell line (NIH 3T3/DTras) which efficiently forms syncytia when exposed to Mo-MuLV, yet is low pH dependent for Mo-MuLV entry. Treatment of NIH 3T3/DTras cells with chloroquine, an agent which raises endosomal pH, blocks Mo-MuLV entry, but not Mo-MuLV-induced syncytium formation. This demonstrates that fusion which accompanies viral entry and fusion which is responsible for syncytium formation occur as independent processes in these cells. In addition, we determined that neither inherent differences in the Mo-MuLV receptor nor reduced affinity for Mo-MuLV gp7O can account for resistance of NIH 3T3 cells to Mo-MuLV-induced syncytium formation.
Viral entry is a complex process that involves several steps in enveloped viruses. First, the virus particle binds to cellular receptors, via an envelope glycoprotein. Viral binding is followed by fusion between the viral membrane and the limiting membrane of the target cell, either at the plasma membrane or within an endosomal compartment. This membrane fusion is mediated by an envelope glycoprotein. Finally, the viral nucleocapsid enters the cytosol. The mechanisms of membrane fusion and capsid entry are not fully understood (14) . Many enveloped viruses, such as influenza virus and Semliki Forest virus, undergo fusion within a cellular endocytic vesicle. Acidification of the endosome is thought to induce a conformational change of a viral envelope glycoprotein, which precipitates the fusion event. These viruses are said to enter cells by a low-pH-dependent pathway. Other viruses, such as Sendai virus or human immunodeficiency virus, do not require an acid environment and appear to enter the cytosol directly through fusion at the plasma membrane or early endosome in a pH-independent manner (reviewed in references 14, 27, and 34) .
The requirement of vesicular acidification for viral entry generally has predicted that a similar environment is required for virus-mediated cell fusion, or formation of syncytia. For example, viruses which have low-pH requirements for entry, such as vesicular stomatitis virus or Semliki Forest virus, induce syncytia in cells only when exposed to low-pH medium (30, 33) . In contrast, pH-independent viruses, such as Sendai virus or human immunodeficiency virus, will induce cell fusion at neutral pH (14) .
Weak bases, such as chloroquine, raise the pH of acidic organelles and thus block the acid-induced conformational changes of viral surface proteins required for membrane fusion of low-pH-dependent viruses (14) . Ecotropic murine retroviruses, such as Moloney murine leukemia virus (MoMuLV), are the only retroviruses that have been demonstrated to be chloroquine sensitive for viral entry and thus * Corresponding author.
use a low-pH-dependent mechanism (2, 15) . Furthermore, Mo-MuLV-induced syncytium formation has not been observed in cells which Mo-MuLV enters via a low-pHdependent pathway (15) . Rat XC cells, unlike other MoMuLV-susceptible cells, are pH independent for Mo-MuLV infection and form syncytia after exposure to Mo-MuLV (12, 15) . We investigated whether Mo-MuLV-induced syncytium formation generally requires a pH-independent mode of viral entry. We also sought to further characterize the role of the Mo-MuLV receptor in influencing a cell's susceptibility to Mo-MuLV-induced syncytium formation.
MATERIALS AND METHODS
Cell lines, viruses, and plasmids. The following cell lines were used in this study: NIH 3T3 murine fibroblasts (ATCC CRL 1658), NIH 3T3/DTras (21), rat XC cells (ATCC CCL 165), rat-2 embryo fibroblasts (ATCC CRL 1764), mink lung fibroblasts (ATCC CCL 64), and EJ human bladder carcinoma cells which express the Mo-MuLV receptor (35) . All cell lines were maintained in Dulbecco's modified essential medium (Whittaker M. A. Bioproducts, Walkersville, Md.), supplemented with 5% fetal bovine serum, 100 U of penicillin per ml, 100 ,g of streptomycin per ml, and 40 mM glutamine.
Bat lung fibroblasts producing gibbon ape leukemia virus (GaLV) SEATO strain and biologically cloned Mo-MuLVinfected NIH 3T3 cells were obtained from Electronucleonics, Incorporated (Silver Spring, Md. (Table 1) .
Uninfected NIH 3T3, NIH 3T3/DTras, and rat XC cells were then exposed to Mo-MuLV in the presence of 50 and 100 FM chloroquine to determine whether vesicular acidification is required for viral entry into these cells. RT activity was analyzed 30 h after viral binding. As shown in Table 2 , no inhibition of RT activity was observed in the cell culture medium of rat XC cells exposed to Mo-MuLV in the presence of 50 ,uM chloroquine. Increasing the chloroquine concentration to 100 ,uM resulted in a 29% diminution in RT activity. In contrast, viral entry, as assayed by RT (Fig. 2D) . No syncytia were observed in chloroquine-treated cells in the absence of virus (Fig. 2C) , demonstrating that chloroquine treatment alone does not induce syncytium formation and that the syncytia observed in cells exposed to both Mo-MuLV and chloroquine are virally induced. Mo-MuLV-induced cell fusion of rat XC cells exposed to Mo-MuLV was also not inhibited by chloroquine treatment (data not shown).
GaLV entry into rat cells is not affected by chloroquine treatment. GaLV, like Mo-MuLV, efficiently induces syncytia in transformed rat XC cells (32) but not nontransformed rat-2 fibroblasts (data not shown). To evaluate the pH requirements of GaLV infection of rat cells, we treated cells with chloroquine. First, the inhibitory effect of chloroquine on viral protein and total cellular protein synthesis was assessed by exposing rat-2 fibroblasts productively infected with Mo-MuLV, 4070A, or GaLV to 50 and 100 ,uM chloroquine and then measuring the level of RT activity inhibition and [14CJleucine incorporation. The level of inhibition of RT activity in rat-2 cells infected with each of the three viruses was similar (Table 3 ). Furthermore, [14C]leucine incorporation was reduced by amounts comparable to the level of inhibition of RT activity (Table 3) .
Uninfected rat-2 or rat XC cells were then exposed to GaLV in the presence of chloroquine to determine whether chloroquine would block viral entry into these cells. As shown in Table 4 , entry of GaLV into rat-2 fibroblasts and rat XC cells was not inhibited in the presence of either 50 or 100 FLM chloroquine. Entry of 4070A into rat-2 fibroblasts was not inhibited in the presence of chloroquine (Table 4 ). These results demonstrate that entry of GaLV into rat-2 and rat XC cells and entry of 4070A into rat-2 cells is pH independent.
Entry of Mo-MuLV into rat-2 fibroblasts, as measured by RT activity, was markedly inhibited (60% at 50 ,uM chloroquine and 81% at 100 ,uM chloroquine concentrations, Table  4 ). Although chloroquine inhibition of Mo-MuLV, 4070A, and GaLV RT activity was similar in productively infected rat-2 fibroblasts (Table 3) , only Mo-MuLV RT activity was (1) . To resolve whether the resistance to Mo-MuLV-induced syncytium formation in NIH 3T3 cells is due to an inability of the Mo-MuLV receptor in these cells to support syncytium formation, we expressed mRec-1 in EJ cells. Exposure of EJ cells expressing the NIH 3T3-derived viral receptor to Mo-MuLV resulted in efficient syncytium formation (Fig.  3D) . No syncytia were observed when EJ cells which did not express mRec-1 were exposed to Mo-MuLV (Fig. 3B) .
Both NIH 3T3 and NIH 3T3/DTras fibroblasts bind MoMuLV gp7O efficiently. The results obtained with the mRec-1 receptor expressed in EJ cells do not exclude the possibility that sensitivity to Mo-MuLV-induced cell fusion could be due to enhanced binding of virus brought about by transformation-induced changes in the Mo-MuLV receptor. To compare gp7O interaction with NIH 3T3, NIH 3T3/DTras fibroblasts, and rat XC cells, Mo-MuLV gp7O was iodinated and a binding assay was performed. Mink lung fibroblasts were used to measure nonspecific binding of iodinated gp7O, since these cells cannot be infected by Mo-MuLV (Fig. 4) Tables 1 to 4 and in Fig. 1 and 2 . b Relative susceptibility to syncytium formation after exposure to virus: + + +, >50% nuclei in syncytia; + +, 10 to 50% nuclei in syncytia; +, 1 to 10% nuclei in syncytia; ±, some bi-and trinucleated cells; -, no discernible nuclei in syncytia relative to uninfected cells. VOL. 66, 1992 fusion is not restricted to a pH-independent viral entry pathway (Table 5 ). We also determined that chloroquine treatment of NIH 3T3/DTras cells inhibits viral entry, but not Mo-MuLV-induced syncytium formation. Therefore, these two processes of virus-mediated fusion appear to involve independent mechanisms in NIH 3T3/DTras cells.
GaLV enters both rat-2 and rat XC cells by a pHindependent pathway. GaLV induces efficient cell fusion of rat XC cells, but not rat-2 fibroblasts. These data suggest that pH-independent viral entry is not sufficient for GaLVinduced syncytium formation (Table 5) .
Although (24), while nontransformed chicken embryo fibroblasts do not fuse when exposed to Rous sarcoma virus (8) . Simian sarcoma-associated virus has also been shown to induce syncytia in a variety of transformed human cell lines, but not in any of the normal human cell lines tested (22) .
One or a combination of factors associated with transformed cells may account for the increased sensitivity of these cells to Mo-MuLV-induced syncytium formation. For example, differences in ras-transformed NIH 3T3 cells may lead to an increased affinity of the Mo-MuLV receptor for Mo-MuLV gp7O similar to that which has been observed with the interleukin 2 receptor in human T-cell leukemia virus type I (HTLV-I)-transformed cell lines. Normal T cells have the low-affinity form of the interleukin 2 receptor, consisting of a single p55 peptide. In contrast, phytohemagglutinin-stimulated lymphoblasts and HTLV-I-transformed T-cell lines possess the high-affinity form of the interleukin 2 receptor, which is a heterodimer of p55 and p70 (26, 29) . A high-affinity form of the Mo-MuLV receptor expressed in transformed cells might result in an increase in efficiency of syncytium formation in these cells. We have now determined that the affinity for gp70 is essentially equivalent for both syncytium-sensitive NIH 3T3/DTras and rat XC cells and syncytium-resistant nontransformed NIH 3T3 cells (Fig.  4) . Therefore (20) . Modifications in the cholesterol or fatty acid content of plasma membranes have been shown to greatly affect virally induced cell fusion (6, 10, 11) . Treatment of several murine cell lines with amphotericin B, an agent which binds cholesterol, rendered these cells highly sensitive to Mo-MuLV-induced syncytium formation (23) . Changes in glycolipid content have been reported in ras-transformed murine fibroblasts and may be related to the increase in Mo-MuLV-induced cell fusion in NIH 3T3/DTras cells relative to nontransformed NIH 3T3 cells (7) . Changes in cell surface protease levels have been associated with transformation (20) . Since protease pretreatment has been shown to enhance virally induced syncytium formation in susceptible cells (3) , alterations in cell surface protease may play a role in the increased sensitivity of transformed cells to Mo-MuLV-induced cell fusion (15) .
An understanding of the mechanism of Mo-MuLV-and GaLV-induced syncytium formation has important implications in the use of retroviral vectors for gene transduction. Defective recombinant virions which express either MoMuLV or GaLV envelopes are presently used for gene transduction (5, 13, 16, 17) . These defective virions are capable of inducing syncytia in a manner similar to that of the parental wild-type virions (6a, 6b). Our finding that Mo-MuLV entry and Mo-MuLV-induced cell-cell fusion are not codependent processes raises the possibility that different epitopes on the viral envelope glycoprotein may be involved in these two fusion events. If these epitopes can be dissociated, cytopathic effects associated with retroviral vectors can be reduced.
